INTRODUCTION
Carbonaceous matter and sulphides are well known to adsorb gold from leaching solutions in a phenomenon known as preg-robbing [1] . The mechanism of interaction of gold complexes with ore constituents has been the subject of investigation over the last few decades [2] , and it has more recently been demonstrated that silicates can also be highly problematic in causing preg-robbing.
However, previous studies of preg-robbing have focused mainly on gold cyanide complexes in view of its dominant use in gold extraction, meaning that non-cyanide gold complexes have not received as much attention. With increasing community resistance to the use of cyanide, there is renewed interest in alternative lixiviants in both research and industry. The interaction of non-cyanide gold complexes including chloride, thiourea and thiosulphate in contact with framework (quartz and feldspar) and layer silicates (kaolinite and pyrophyllite) were studied experimentally in our group [3] [4] [5] [6] [7] [8] . A significant preg-robbing effect was observed in most of the systems, contradicting previously held beliefs.
The interaction of Au(I) and Au(III) complexes with other species was studied for the first time by
Tossell [9] in the presence of sulphide and chloride, at the Hartree-Fock (HF) level with limited solvent effects. Becker and co-workers [10] used density functional theory (DFT) methods to calculate the adsorption energy of gold chloride (in AuCl 4 -form) on the surface of galena. However, no details of the geometrical characterisation of gold complexes were presented in that study.
Several studies have been conducted in the last decade on the interaction of non-cyanide gold complexes with other species including silanols and silicates. Hong and co-workers [11, 12] , following their extensive experimental studies on the interaction of gold complexes with kaolinite, also used some computational methods. The results of their quantum mechanics calculations using the SCF-X -DV (self-consistent-field discrete-variation method) method revealed that the edge sites of kaolinite dominate the complexation reactions of the kaolinite surface with AuS -and Au(HS) 2 - anions, especially at sites near the Al octahedra. Wojtaszek [13, 14] et al. also investigated the interaction of gold particles with a silica surface using periodic DFT. Their results show that the sorption strength of gold on silica decreases with increasing chloride concentration at the surface, with increasing cluster size, and with decreasing oxidation state of gold. The most stable grafting complex was shown to be AuCl(OH) 3 -on a chloride-free silica surface, while the presence of Si-Cl groups at the surface destabilises the complex.
There is a significant lack of knowledge available in the literature regarding computational characterisation of non-cyanide gold complexes and their interaction with other species including silicates. Most of the studies available are limited to gas phase calculation or a low level of computational theory due to the high atomic number of gold and associated high computational costs, which are particularly introduced by relativistic effects.
Here, we have applied high level computational modelling and implicit solvent models to study the interaction of different complexes with silica monomers at different pH conditions, comparable with the experimental conditions published in our previous work.
COMPUTATIONAL METHODS
Density functional modelling has been carried out using the software DMol 3 , implemented in Accelrys Materials Studio version 4.4 (Accelrys, San Diego, USA). The most stable and optimised geometry of each gold complex, as published previously [15] , is used in this study, while the geometry of silica monomers is optimised and compared with experimental and available theoretical data. The simulations were implemented using generalised gradient functionals as described below, running on a Quad-core desktop PC.
A double numerical basis set was used (two atomic orbitals for each occupied orbital) for all atoms plus a p-function polarisation on all hydrogen atoms (DNP) to account for hydrogen bonding [16] . In our previous study [15] , a series of calculations were performed to assess the performance of the different exchange-correlation functionals as well as orbital cut off values; from this assessment PBE functionals and a 10 Å orbital cut off were applied [15] . No pseudo-potentials or effective core potentials were used in this study and all the results are based on "All Electron Relativistic"
calculations.
The continuum solvation model, (COnductor like Screening MOdel, COSMO) [13] and the dielectric constant of water (78.54) were used to describe both acidic and alkaline solutions of the different gold complexes in the dilute solutions studied here. Multipolar expansion was used for calculation of the solvation energy for all molecules except OH -, for which a monopolar expansion was used.
Geometry optimisation convergence thresholds were set at 1×10 -6 hartrees, 2×10 -4 hartrees/Å and 5×10 -4 Å for energy, maximum force and maximum displacement respectively. An SCF convergence of 10 -7 hartrees was used with no smearing, with an orbital cut off of 10 Å for all types of atoms.
The interaction energy of species has been calculated based on the difference between the SCF energy of combined complexes and individual molecules (E Si monomer+Gold Complex -E Si monomer -E Gold Complex ) in kcal·mol -1 .
RESULTS AND DISCUSSION

GOLD COMPLEXES
Speciation of gold chloro-hydroxy species, as well as gold thiourea and thiosulphate, has been reported by our group [15] . The same geometrical data have been used in this study.
SILICA SPECIES
Silica has an equilibrium solubility in aqueous solution of ~100 ppm (~2 mM) at near-neutral pH at around 25 °C [17] , and the most stable form of silica in aqueous solutions over a wide range of pH (approximately 2-10) is silicic acid, Si(OH) 4 . Above this concentration, silicic acid undergoes condensation or polymerisation, reducing the silicic acid concentration to its equilibrium solubility and generating stable polynuclear species [18] . The concentration of Si is very low in the aqueous leaching systems studied here (<10 ppm for framework silicates as well as acidic clays), so dimerisation or polymerisation products of silica have not been considered in this study.
Hydrolysis and deprotonation of the silicate monomer have been studied extensively [18] [19] [20] . At a pH below 2, which is the point of zero net charge of silica, protonation of silanols forms cationic species [Si(OH) n (OH 2 ) 4-n ] (4-n)+ (n < 4) [19] . Above pH 10, further hydrolysis involves the deprotonation of a silanol group to form an anionic species:
Because Si(OH) 3 O -is the conjugate base of a weak acid, it is observed only in appreciable quantities above pH 12 [19, 20] , and the second deprotonation requires even more highly alkaline conditions. To validate the structures of different silicate monomer species, the Gibbs free energies were calculated for deprotonation reactions of silica monomers, and the results were compared with experimental and theoretical data reported in the literature in Table 3 . The description of the aqueous phase in each of the calculations was based on the COSMO model, and explicit water molecules were not included. As is depicted in the third equation in Table 3 for each type of species, some literature studies have used four explicit water molecules in the protonated form and three water molecules in neutral and deprotonated forms, to improve the simulation of the solution chemistry via theoretical methods [21] , but in the current work this was not found to be beneficial as the inclusion of explicit water molecules greatly extended the computational demands (time and memory) of the calculations involving also gold complexes. [23] d: [24] e: [18] The deprotonation reactions were simulated here using both OH -and sodium hydroxide (NaOH) as the basic reactants, where in each case the hydroxide ion (OH -) forms water through extraction of a hydrogen ion (H + ) from the silicate monomer.
The protonation and deprotonation energies of silica monomers at 298 K have been reported in the literature using different theoretical and experimental techniques ( Table 3) . Considering the fact that the best theoretical results reported in the literature are based on consideration of at least three explicit water molecules, while none were taken into account here, the results show reasonable correlation with both experiments and previous theoretical data. The use of neutral models for the charged silicates results in better correlation with experiments (-10.1 vs. -13.6 for 1st deprotonation).
Unfortunately there are no experimental data available in the literature regarding protonation of Si(OH) 4 , however the data obtained here without explicit water molecules are relatively close to the results reported by Tossell and Sahai [22] including explicit water molecules.
Although there is some level of discrepancies between the calculated values of stability constants from these theoretical studies and the available experimental data, the optimised geometries for the silica monomer could be still used for investigation of interaction with gold complexes via trend analysis of interaction energies.
INTERACTION OF GOLD COMPLEXES WITH SILICA SPECIES
Our previous experimental studies showed a considerable interaction between silicate solids and dissolved species with different gold complexes [7] . The key aim of this study is to examine these interactions at a molecular level using DFT methods. The gold species and silicate monomers were simulated as described above. To obtain results which can be used in comparison with experimental data, we need to look at the interactions across the wide range of pH conditions used in experiments. Table 4 lists the pH ranges used in the experiments, which correspond to the pH ranges used in industrial scale gold leaching systems. 4 and Si(OH) 3 O -were examined and these trends were used to predict the interaction behaviour even where stability of each particular species is improbable. For silica monomers, charged species were used for interaction studies to avoid possible interactions between charge balancing ions (Na + or Cl -) in the neutral species which might not be present in the real systems.
Chloride Systems
The optimised geometries of different gold chloro-hydroxy species with silica monomers, along with interaction energies in gas and COSMO models, are shown in Figure 2 . Si(OH) 4 is the dominant monomer across pH 2-10, where all five different gold chloro-hydroxy species could be stable. At very high pH, the silica monomer is deprotonated as presented in Figure 1 , however Au(OH) 4 -is also reduced to metallic gold. Also, pH values less than 2 or greater than 9, where protonation and deprotonation of Si(OH) 4 occur respectively, are out of the experimental ranges and have not been considered for simulation.
The form of gold chloro-hydroxy species at low pH (0-3.5) is Au(Cl) 4 -. The adsorption of this form by a neutral silica monomer (also representing an uncharged surface) is significantly less likely. For the completely chlorinated form of the species, the only possible interaction is Au-Cl· ·HO-Si, which seems to be repulsive as it results in a positive free energy of interaction in COSMO (10.7 kcal· mol -1 ). To determine the role of surrounding media in this interaction, the free energy of adsorption in the gas phase was also calculated (Figure 2 ). This reaction is slightly favourable in the gas phase, however it still shows the lowest tendency towards interaction compared with the other species studied. The low adsorption energy between gold chloride (AuCl 4 -) and the deprotonated form of silica cluster (Si(OH) 4 ) suggests a low gold uptake by the quartz surface, which contradicts the experimental data [7] , where all of the silicates evaluated, especially quartz and pyrophyllite, showed strong adsorption at pH 2-2.5. This pH is very close to the zero charge point of silica and on the verge of protonation/deprotonation, so the existence of protonated silica sites, represented in simulations by the protonated form of the silica monomer Si(OH) 3 (OH 2 ) + , is likely. Therefore, for this monomer the interaction of the protonated silica monomer with AuCl 4 -was also considered. As expected, a much higher interaction energy results from these two oppositely-charged ions, -92.8
kcal· mol -1 in gas and 1.7 kcal· mol -1 in COSMO media. The optimised geometry for the Si(OH) 3 (OH 2 ) + …AuCl 4 -interaction is presented in Figure 3 , along with a plot of the interaction energy for this reaction. It has to be noted that in the computational modelling conducted by Wojtaszek [13] the same silica surface properties were considered for all species, whereas in reality silanol groups change protonation state as a function of pH, which can result in differences in sorption behaviour as presented here. Increasing the OH content further, AuCl(OH) 3 -(pH 7.5-9) yields a minimum in interaction energy.
This species is the only one studied which has a favourable interaction with the neutral silica monomer. However, it is interesting that further replacement of Cl with OH groups at pH 9-14 does not increase the strength of the interaction, but rather shifts the reaction to be slightly unfavourable, very similar to AuCl 2 (OH) 2 -. This result is in agreement with both the experimental and theoretical results of Wojtaszek [13] , who reported the highest interaction of the mesoporous silica surface with this AuCl(OH) 3 -form of the gold chloro-hydroxy complex. The optimum pH for production of goldcontaining silica-supported catalysts has also been found to be around 9 [25] . The experimental observation of the amount of gold uptake by quartz at pH 8-8.5 [7] also reveals significant adsorption of the AuCl(OH) 3 -species (0.03-0.09 mol.m -2 ). However, the reduced adsorption for the case of Au(OH) 4 - , where the highest amount of adsorption would be expected, is not yet explained. Thus, it is necessary to introduce another effect which plays a significant role determining the interaction between these two molecules. It is proposed that the geometry of these two species, specifically the square planar structure of gold chloro-hydroxy species and the tetrahedral structure of silica monomer, is of great importance. Wojtaszek [13] (Tables 1 and 2 ), the OH groups are all aligned. However, the optimised geometry of Au(OH) 4 --Si(OH) 4 ( Figure 3) illustrates that the OH groups are significantly re-arranged in interaction with the silica cluster to give a geometry close to conformer number 12 in Table 3 of [15] , which is about 1.4 kcal· mol -1 less stable than the most stable conformer of that species. In all other gold chloro-hydroxy species, the optimised geometry in the presence of the silica cluster is almost identical to the most stable form of the isolated structure. It is suggested that this reorganisation of the original molecular geometries plays an important role in the lower adsorption of gold on silicates at high pH values (9) (10) (11) (12) (13) (14) .
In conclusion, the interaction of the gold chloro-hydroxy species with Si(OH) 4 is unfavourable, except for AuCl(OH) 3 -which is slightly favourable. The trend in gold adsorption by silicates as a function of pH is dominated by Au-OH· · ·OH-Si attractive and Au-Cl · · ·OH-Si repulsive interactions. The respective geometries of the square planar gold chloro-hydroxy species and the tetrahedral silica monomer limit the total number of contributing ligands, which contributes to the maximum in the case of AuCl(OH) 3 -.
Thiourea System
The interaction of gold thiourea cations with all three different type of silica monomers Si(OH) 4 , SiO(OH) 3 -and Si(OH) 3 (OH 2 ) + was investigated in both gas and COSMO phase. The optimised geometries as well as interaction energies are presented in Figure 4 . The optimised geometries presented are based on COSMO models. The gold thiourea cations and aqueous silica monomers in Figure 4 show a strong interaction in alkaline media, which correlates with experimental results [26] . The adsorption tests in thiourea media revealed a significant loss of gold in quartz-containing alkaline media (up to 0.1 µmol.m -2 )
while in acidic media the adsorption was negligible. This is not surprising as an attractive force was expected between the opposite-charged ions present at higher pH, while the positive ions at lower pH 
Thiosulphate System
Similar to gold thiourea, the interaction of gold thiosulphate with silica monomers including neutral Si(OH) 4 , deprotonated SiO(OH) 3 -at higher pH and protonated Si(OH) 3 (OH 2 ) + at lower pH was investigated in both gas and COSMO phase. The optimised geometries as well as interaction energy are presented in Figure 5 . The optimised geometries are based on COSMO models. The gold thiosulphate species show surprisingly strong interactions in the gas phase; the Gibbs energy is strongly negative for all monomers except the deprotonated silica. We also observed an interesting effect in the gas phase reaction of deprotonated Si(OH) 3 O -and gold thiosulphate. There is a strong repulsion between these two species, which is even effective at distances of more than 17 nm between the central ions of Si and Au in the two species during geometry optimisation. That is where the optimisation was stopped here, and the SCF energy of the interaction was converging to the sum of the individual molecules (E Si monomer + E AuTs ) and thus the interaction energy tending to 0 as presented in Figure 5 .
However, the effect of COSMO media results in much lower interaction energy, but still favourable for neutral Si(OH) 4 and deprotonated Si(OH) 3 (OH 2 ) + . At alkaline pH, the repulsive forces between similar ions, and the absence of any other positive ions to neutralise the surfaces, results in an unfavourable interaction. However, this is not the case at acidic pH, so gold loss due to adsorption by silica monomers does not seem to be a problem in thiosulphate media. This is in agreement with the experimental results in thiosulphate systems, which showed almost no gold adsorption onto clays and minimal adsorption onto framework silicates [26] . Some adsorption was observed for framework silicates, especially in feldspar, but this was attributed to the effect of cations present in the aqueous phase by dissolution of Al, Na, Ca and minor Fe from the feldspar minerals used. Figure 6 illustrates the complexes which are stable at different pH ranges used in the experimental studies presented in previous work [26] , spanning the common pH ranges used in practical application (Table 4) , along with interaction energies calculated from DFT modelling in COSMO media. The results obtained for gold preg-robbing by quartz (which has similar charging tendencies to the silica monomer) in the different systems reported in [26] are also depicted in Figure 6 This is highly beneficial in obtaining a better understanding of the parameters controlling the pregrobbing behaviour of silicates, which represents the first ever application of this calculation technique to the explanation of complex trends in gold hydrometallurgy. 
COMPARISON BETWEEN INTERACTION ENERGIES
CONCLUSIONS
The interaction energies of gold complexes with silica species based on theoretical studies are compared with the extent of silica preg-robbing results reported previously. The interaction energies computed using DFT and the COSMO model show satisfactory agreement with the amount of gold uptake per surface area of quartz.
The interaction of the gold chloro-hydroxy species with the silica monomer appeared to be at alkaline pH the reaction is disfavoured. As gold thiosulphate is only stable at alkaline pH, gold loss via preg-robbing by silicates does not seem to be a problem in thiosulphate media.
The ability of DFT to compute the interactions of different gold complexes (including significant relativistic effects) with other species of industrial importance, has been demonstrated in this study.
This allows us to explain and control the chemical processes which result in loss of gold from solution in hydrometallurgical extraction.
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